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(57) ABSTRACT 
A control system for a variable displacement hydraulic pump 
is disclosed. The control system utilizes two flow control 
valves to provide a flow of hydraulic fluid to two control 
actuators. The control actuators create opposing moments on 
the pump Swashplate to control Swashplate orientation and 
pump displacement. 

15 Claims, 5 Drawing Sheets 

  



U.S. Patent Dec. 3, 2013 Sheet 1 of 5 US 8,596,057 B2 

  



U.S. Patent Dec. 3, 2013 Sheet 2 of 5 US 8,596,057 B2 

  



US 8,596,057 B2 Sheet 3 of 5 Dec. 3, 2013 U.S. Patent 

  



U.S. Patent Dec. 3, 2013 Sheet 4 of 5 US 8,596,057 B2 

  



U.S. Patent Dec. 3, 2013 Sheet 5 of 5 US 8,596,057 B2 

  



US 8,596,057 B2 
1. 

METHOD AND APPARATUS FOR 
CONTROLLING AVARABLE 

DISPLACEMENT HYDRAULIC PUMP 

TECHNICAL FIELD 

This disclosure relates generally to a method and apparatus 
for controlling an angle of a Swashplate pivotally attached to 
a variable displacement hydraulic pump and, more particu 
larly to a method an apparatus for controlling the Swashplate 
of an over-center pump. 

BACKGROUND 

Variable displacement hydraulic pumps are widely used in 
hydraulic systems to provide pressurized hydraulic fluid for 
various applications. Many types of machines such as dozers, 
loaders, and the like, rely heavily on hydraulic systems to 
operate, and utilize variable displacement pumps to provide a 
greater degree of control over fixed displacement pumps. 

Various control schemes have been utilized to control the 
Swashplate angle of Such variable displacement hydraulic 
pumps. One such control scheme is disclosed in U.S. Pat. No. 
6,623,247, filed May 16, 2001, to Hongliu Du. However, it 
may be beneficial to provide a responsive control scheme 
having over-center capabilities. 

SUMMARY OF THE INVENTION 

In a first aspect of the disclosure, a hydraulic system is 
provided having a variable displacement hydraulic pump 
having a Swashplate rotatable about an axis; a first hydraulic 
actuator configured to rotate the Swashplate a first direction 
about the axis; a second hydraulic actuator configured to 
rotate the Swashplate a second direction about the axis; the 
second direction being opposite to the first direction; a first 
flow control valve configured to provide pressurized fluid to 
the first actuator, and a second flow control valve configured 
to provide pressurized fluid to the second actuator. 

In another aspect of the disclosure, a method for control 
ling a Swashplate orientation of a variable displacement 
hydraulic device includes a first step of configuring the Vari 
able displacement hydraulic device to act as a pump by direct 
ing pressurized fluid through a first flow control valve to a first 
control actuator to create a moment in a first direction on the 
swashplate. This method further includes a second step of 
configuring the variable displacement hydraulic device to act 
as a motor by directing pressurized fluid through a second 
flow control valve to a second control actuator to create a 
moment in a second direction on the Swashplate, the second 
direction being opposite to the first direction. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a side view diagrammatic illustration of an exem 
plary machine; 

FIG. 2 is a schematic illustration of an exemplary trans 
mission; 

FIG.3 is a schematic illustration of an exemplary pump and 
associated control hardware; 

FIG. 4 is a schematic illustration of an exemplary valve in 
a flow blocking position; 

FIG. 5 is a schematic illustration of an exemplary valve in 
a flow passing position; and 

FIG. 6 is a schematic illustration of an exemplary valve in 
a drain position. 
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2 
DETAILED DESCRIPTION 

FIG. 1 illustrates an exemplary machine 10. Machine 10 
may be a fixed or mobile machine that performs some type of 
operation associated with an industry Such as mining, con 
struction, farming, or any other industry. For example, 
machine 10 may be an earth-moving machine Such as a dozer, 
a loader, a backhoe, an excavator, a motor grader, a dump 
truck, or any other earth-moving machine. Machine 10 may 
also include a generator set, a pump, a marine vessel, or any 
other suitable machine. Referring to FIGS. 1 and 2, machine 
10 may include a frame 12, an implement 14, an engine 16, 
traction devices 18 Such as wheels or a track, and a transmis 
sion 20 to transfer power from the engine 16 to the traction 
devices 18. 
As illustrated in FIG. 2, the transmission 20 may, for 

example, be a hydrostatic transmission and may include a 
primary pump 22, a motor 24 and a bypass relief valve 26. 
According to the present disclosure, the main pump 22 may 
be a variable displacement pump Such as a variable displace 
ment axial piston pump, and the motor 24 may be a fixed 
displacement hydraulic motor. However, the motor 24 may 
alternatively be a variable displacement motor. The transmis 
sion 20 may further include a charge pump 28 providing 
pressurized fluid to swashplate control hardware 30, which is 
illustrated in greater detail in FIG. 3. 

According to the embodiment in which the motor 24 is a 
fixed displacement motor, the speed and torque control of the 
transmission 20 may be accomplished, at least in part, by 
regulating the displacement of the pump 22. For a variable 
displacement axial piston pump, displacement is controlled 
by altering the angle of inclination of a Swashplate 32, as 
illustrated in FIG. 3. FIG. 3 further illustrates control hard 
ware 30 capable of controlling the angle of the swashplate 32. 
As illustrated in FIG. 3, the Swashplate 32 inclines about a 

swashplate pivot point 34. The swashplate 32 is actuated by 
two hydraulic control actuators 36, 38 configured to receive 
pressurized fluid, respectively, from two control valves 40, 
42. In the illustrated embodiment, control valves 40, 42 are 
three-way flow control valves, functioning to control the flow 
of pressurized fluid between a source of pressurized fluid, 
control actuators 36,38, and a low pressure reservoir, such as 
a tank 46. In the illustrated embodiment, the source of pres 
surized fluid is the charge pump 28. 

Each control actuator 36, 38 may include a piston 50 dis 
posed in a chamber 52. The pistons 50 apply a force on the 
swashplate 32. The forces applied by the two pistons 50 create 
opposing moments on the Swashplate 32, and movement of 
the pistons 50 changes the inclination angle C. of the Swash 
plate 32. The swashplate angle C. may be monitored by a 
Swashplate angle sensor, as may be known in the art. Move 
ment of the pistons 50 is effected by pressurized fluid entering 
and exiting the respective chambers 52. The flow of pressur 
ized fluid into and out of the chambers 52 is controlled by the 
control valves 40, 42. 

Control valves 40, 42 may be flow control valves having a 
spool 44 movable between a flow passing position allowing 
pressurized fluid to flow between charge pump 28 and a 
respective control actuator 36, 38, a flow blocking position 
which substantially hydraulically isolate the respective con 
trol actuator 36,38 from both the charge pump 28 and the tank 
46, and a drain position allowing fluid to flow from the respec 
tive control actuator 36,38 to tank 46. Controls valves 40, 42 
may also be infinitely variable such that any number of posi 
tions between flow passing, flow blocking and drain positions 
may be achievable. Spool 44 may be actuated by a solenoid 
48, or by other means of actuation known in the art. In the 
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depicted embodiment, the actuation force of the solenoids 48 
may be opposed by a springs 54. 

FIG. 4 illustrates a control valve 40, 42 at a flow blocking 
position. As illustrated, when the spool 44 is in a flow block 
ing position, fluid is substantially prevented both from pass 
ing from the charge pump 28to the respective control actuator 
36,38, and from passing from the respective control actuator 
36,38 to the tank 46. In FIGS. 4-6, Prepresents the hydraulic 
pressure in a line communicating with tank 46, Ps represents 
the hydraulic pressure in a line communicating with charge 
pump 28, and P. represents the hydraulic pressure in a line 
communicating with a control actuator 36, 38. The steady 
state force balance on the spool can be calculated from Equa 
tion 1 below. 

(1) 

In Equation 1, Flo is the Solenoid 48 force; k is the 
spring rate; 8 is the spring pre-compression with Zero 
solenoid 48 force; and X is the spool displacement at the flow 
blocking position. The force of the solenoid 48 can generally 
be expressed according to Equation 2 below. 

Folo sprg(votprecomp) 

(2) 

In Equation 2, k, is the steady state solenoid 48 current 
force gain and it is the Solenoid 48 current. Accordingly, 
where Equation 2 holds true, the steady state solenoid 48 
current, i.e. bias current, to maintain a flow blocking position 
can be calculated according to Equation 3 below. 

Fsolo kisitias 

kspr (3) 
(Vo -- precomp) 

S 
ibias - 

FIG. 5 illustrates a control valve 40, 42 in a flow passing 
position. The Solenoid 48 force, in this flow passing position 
may be described according to Equation 4 below. 

Fai-k(Ax+xotöre.)+CA (Ax)(P.-P.) sforg (4) 

In Equation 4. AX is the spool 44 displacement from its flow 
blocking position; C, is the valve flow force coefficient; and A 
is the valve metering area, which is spool 44 position depen 
dent. Combining Equations 1-4, it may be expressed accord 
ing to Equation 5 below. 

(5) isol = ibias + Aisol 

(kAx + CfA(Ax)(P - P.)) 
kis 

ks prg 
= -(vo + oprecomp) + 

S 

FIG. 6 illustrates a control valve 40, 42 in a drain position, 
in which fluid is allowed to flow from a control actuator 36,38 
to tank 46. In this case, the steady state flow force is working 
against the spring 54, instead of against the Solenoid 48 as in 
the case of a fluid passing position. Therefore, we can obtain 
the steady state Solenoid current as expressed in Equation (6) 
below. 

(6) isol = ibias + Aisol 

(kgAx - CFA (Ax)(P - P)) 
kis 

ks prg 
= . (x0 + (precomp) + 

is 

The two control valves 40, 42 may be corresponding con 
trolled around their flow blocking positions. The use of two 
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4 
three-way flow control valves for control valves 40, 42 pro 
vides a great amount of flexibility to match the flow metering 
requirements. For a closed loop feedback control, the control 
currents for the two Solenoids 48 may be expressed according 
to Equations (7) and (8) below. 

(7) isolitias it? (Ae) 

(8) 

where f (Ae) and f(Ae) are control efforts calculated by an 
applied control law, which may be tracking error dependent. 
A number of stable control algorithms known in the art may 
be used to determine f(Ae) and f(Ae). 
Due to leakage in the control actuators 36, 38, the flow 

blocking position may be altered toward a flow passing posi 
tion to maintain the Swashplate 32 in a steady state position. 
AS Such, the corresponding Solenoid 48 current used to main 
tain a stead state Swashplate position may be increased from 
the Solenoid 48 bias current given by Equation 3. Assuming 
the leakage is in the form of laminar flow, the stead state 
solenoid 48 current may be linearly dependent on the pressure 
of the fluid in the control actuators 36, 38 and inversely 
dependent on the fluid viscosity. Pressure sensors may be 
provided to monitor the pressure of the fluid in the control 
actuators 36,38 to assist in the determination of steady state 
solenoid 48 currents. 

isopitias2 f(Ae) 

INDUSTRIAL APPLICABILITY 

The control hardware 30 discussed above may be utilized 
in any number of hydraulic systems, such as, for example, 
systems designed to provide power to implements 14, 
hydraulic transmissions 20, or hybrid transmissions utilizing 
hydraulic power. With reference to FIG. 3, an increase in 
pump 22 displacement may be effected by increasing the 
Swashplate angle C. This may be accomplished by actuating 
control valve 42 to a flow passing position and control valve 
40 to a drain position. Conversely, pump 22 displacement 
may be decreased by actuating control valve 42 to a drain 
position and control valve 40 to a flow passing position. 

If pump 22 is an over center pump, as illustrated in FIG. 3, 
the Swashplate angle C. may be made negative, in which case 
the pump 22 may act as a motor. This may be done, for 
example, to retard motion in a hydraulic transmission 20, in 
which case power generated by the pump may, for example, 
be fed back into a drive train, stored, used for other purposes, 
or simply dissipated as heat. 
Once a desired pump 22 displacement, i.e. Swashplate 

angle C, is achieved, the control valves 40, 42 may be con 
figured to maintain a steady state Swashplate angle C, as 
described above. 

It will be apparent to those skilled in the art that various 
modifications and variations can be made to the disclosed 
apparatus and control methodology without departing from 
the scope or spirit of the disclosure. Additionally, other 
embodiments of the disclosed apparatus and control method 
ology will be apparent to those skilled in the art from consid 
eration of the specification and practice of the apparatus and 
method disclosed herein. It is intended that the specification 
and examples be considered as exemplary only. 
What is claimed is: 
1. A hydraulic system comprising: a variable displacement 

hydraulic pump having a Swashplate rotatable about an axis; 
a first hydraulic actuator configured to rotate the Swashplate a 
first direction about the axis; a second hydraulic actuator 
configured to rotate the Swashplate a second direction about 
the axis; the second direction being opposite to the first direc 
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tion; a first flow control valve configured to provide pressur 
ized fluid to the first actuator and to selectively drain fluid 
from the first control actuator to a tank, wherein the first flow 
control valve is selectively actuated by a solenoid; and a 
second flow control valve configured to provide pressurized 
fluid to the second actuator and to selectively drain fluid from 
the second control actuator to the tank, wherein the second 
flow control valve is selectively actuated by a solenoid such 
that the variable displacement hydraulic pump may be main 
tained in a steady-state configuration by directing pressurized 
fluid through the first flow control valve to the first actuator 
and moving the second flow control valve to a flow blocking 
position to substantially hydraulically isolate the second 
actuator. 

2. The hydraulic system of claim 1, wherein the first flow 
control valve is movable between a first position passing 
pressurized fluid to the first hydraulic actuator, a second posi 
tion substantially hydraulically isolating the first hydraulic 
actuator, and a third position draining pressurized fluid from 
the first hydraulic actuator to the tank. 

3. The hydraulic system of claim 1, wherein the second 
flow control valve is movable between a first position passing 
pressurized fluid to the second hydraulic actuator, a second 
position substantially hydraulically isolating the second 
hydraulic actuator, and a third position draining pressurized 
fluid from the second hydraulic actuator to the tank. 

4. The hydraulic system of claim 1, wherein the variable 
displacement hydraulic pump is an over-center pump. 

5. The hydraulic system of claim 1 further including a 
charge pump, wherein the charge pump provides pressurized 
fluid to the first control valve and the second control valve. 

6. The hydraulic system of claim 1 further including a 
hydraulic motor, wherein the variable displacement hydraulic 
pump provides pressurized fluid to the hydraulic motor. 

7. The hydraulic system of claim 6, wherein the hydraulic 
motor provides power to a traction device. 

8. A machine comprising: an engine; a variable displace 
ment hydraulic pump powered by the engine and having a 
Swashplate rotatable about an axis; a first hydraulic actuator 
configured to rotate the swashplate a first direction about the 
axis; a second hydraulic actuator configured to rotate the 
Swashplate a second direction about the axis; the second 
direction being opposite to the first direction; a first flow 
control valve configured to provide pressurized fluid to the 
first actuator and to selectively drain fluid from the first 
hydraulic actuator to a tank; and a second flow control valve 
configured to provide pressurized fluid to the second hydrau 
lic actuator and to selectively drain fluid from the second 
hydraulic actuator to the tank, wherein the first and second 
flow control valves are actuated by respective first and second 
solenoids such that the variable displacement hydraulic pump 
may be maintained in a steady-state configuration by direct 
ing pressurized fluid through the first flow control valve to the 
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6 
first hydraulic actuator and moving the second flow control 
valve to a flow blocking position to substantially hydrauli 
cally isolate the second hydraulic actuator. 

9. The machine of claim 8, wherein the first flow control 
Valve is movable between a first position passing pressurized 
fluid to the first hydraulic actuator, a second position substan 
tially hydraulically isolating the first hydraulic actuator, and a 
third position draining pressurized fluid from the first hydrau 
lic actuator to the tank. 

10. The machine of claim 8, wherein the second flow con 
trol valve is movable between a first position passing pressur 
ized fluid to the second hydraulic actuator, a second position 
Substantially hydraulically isolating the second hydraulic 
actuator, and a third position draining pressurized fluid from 
the second hydraulic actuator to the tank. 

11. The machine of claim8, wherein the variable displace 
ment pump is an over-center pump. 

12. The machine of claim 11, further comprising a hydrau 
lic motor, wherein the hydraulic motor receives pressurized 
fluid from the variable displacement hydraulic pump. 

13. The machine of claim 12, further comprising a traction 
device, wherein the traction device receives mechanical 
power from the hydraulic motor. 

14. The machine of claim 13, wherein the traction device is 
one of a wheel or a track. 

15. A method for controlling an orientation of a swashplate 
of a variable displacement hydraulic device comprising the 
steps: 

Step 1: configuring the variable displacement hydraulic 
device to act as a pump by directing pressurized fluid 
through a first flow control valve to a first control actua 
tor to create a moment in a first direction on the swash 
plate, the first flow control valve also being adapted to 
selectively drain fluid from the first control actuator to a 
tank, wherein the first flow control valve is actuated by a 
first solenoid; 

Step 2: configuring the variable displacement hydraulic 
device to act as a motor by directing pressurized fluid 
through a second flow control valve to a second control 
actuator to create a moment in a second direction on the 
Swashplate, the second direction being opposite to the 
first direction, the second flow control valve also being 
adapted to selectively drain fluid from the second control 
actuator to the tank, wherein the second flow control 
Valve is actuated by a second solenoid, and 

Step 3: maintaining the variable displacement hydraulic 
device in a steady-state configuration by directing pres 
surized fluid through the first control valve to the first 
control actuator and moving the second control valve to 
a flow blocking position to substantially hydraulically 
isolate the second control actuator. 


